Brominated natural indoles are frequently reported metabolites of marine seaweeds. The bryozoan Flustra foliacea has been a rich source of brominated indole alkaloids bearing prenyl or isoprenyl substituents at various positions. Because interest in the chemistry of these marine alkaloids is steadily growing and shows unique promise in the discovery of new important medicinal drugs, the methods which have been employed towards their total synthesis are reviewed in detail.
Secondary metabolites from the marine cheilostome bryozoan Flustra foliacea [1] have yielded an array of brominated pyrroloindolines, together with brominated indoles, terpenes, and a quinoline, exhibiting a diverse range of biological activities, including antibacterial, cytotoxic, muscle relaxant, and, more recently, potassium channel-blocking [2] . It is interesting to note that the marine pyrroloindolines appear to be structurally related to the terrestrial acetylcholinesterase inhibitor physostigmine [3] , indicating the involvement of similar secondary metabolic pathways from taxonomically diverse species. On the other hand, given the high halogen content of ocean water, it is not surprising that marine organisms have developed means to incorporate halogens [4] , in particular bromine, into their metabolites, surpassing the 1800 brominated compounds known [5] .
The potential relevance of naturally occurring marine alkaloids to medicinal chemistry has provided a very strong impetus for further isolation, structural and synthetic studies, making available sufficient quantities of these compounds in pure form for biological testing. In this context, to meet the Scheme 1. Simple indoles (1-6) and quinoline (7) isolated from F. foliacea.
requirements of these developments, selected contributions to the syntheses of indole alkaloids from Flustra foliacea are reviewed.
The pioneering work of Carlé and Christophersen led to the isolation of two new metabolites from the Scandinavean bryozoan, F. foliacea, possessing an unusual pyrroloindoline skeleton, which were named flustramines A and B [6] . To date, 18 indole alkaloids and one quinoline have been isolated from F. foliacea collected in the North Sea [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , and five indole alkaloids from material collected in Canadian waters [17] .
For the purpose of this review, the alkaloids produced by F. foliacea are divided into simple indoles (1-6) and a quinoline 7 (Scheme 1), and those with a pyrrolo[2, 3-b] indole framework (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) , including hexahydro-1,2-oxazino [5,6-b] indole (24) (Scheme 2). Biosynthetic considerations suggest that deformylflustrabromine (3) is the missing link in the biosynthetic sequence from flustrabromine (4) to flustraminol A (21) , starting from 2. The required oxygen functionality at the bridgehead C-3a position of 21 would be the result of the epoxidation of 3, followed by ring opening of the epoxide ring [15] , whereas, the C-3a alkylated hexahydropyrrolo [2, 3-b] indole scaffold can be perceived to arise via electrophilic attack on a tryptophan or tryptamine unit at the indole C-3 position, followed by capture of the resulting C-2 iminium ion by the side-chain nitrogen [18] .
A structural survey of alkaloids 8-23 reveals a central cis-fused pyrroloindoline core with a quaternary center at C-3a. The absolute configuration assigned to the naturally occurring (-)-debromoflustramine B (8) [19] [20] [21] [22] , (-)-flustramines A (9) [22, 23] and B (10) [23] and (-)-flustramides A (19) [23] and B (20) [23] is in line with that of terrestrial (-)-physostigmine [24] . Earlier reviews of marine alkaloids include brief accounts on the synthesis of tryptamine-derived flustramines from F. foliacea [25] .
Given these considerations, the reports concerning the syntheses of simple indoles are discussed first. Practical methods for introduction of a reverse prenyl group into the 2-position of a 3-substituted indole have been attained by Claisen rearrangements [26], acid induced rearrangements [27] , and nucleophilic [28] and reductive [29] prenylating protocols.
Accordingly, Zhun and Ignatenko [29] reported the reductive prenylboration of N b -methyltryptamine (25) to give the inverted prenylated 2,3-dihydroindole (26), which was converted into debromoflustrabromine (28) by formylation with ethyl formate, followed by oxidation of the resulting formamide 27 with tetrachloro-p-benzoquinone (chloranil) (Scheme 3).
Lindel and co-workers [30] reported on an application of Danishefsky inverse α-prenylation of indoles [28] to access the indole alkaloids deformylflustrabromine (3) and flustrabromine (4). Accordingly (Scheme 4), treatment of N b -methyltryptamine (25) with a mixture of Ac 2 O-HCO 2 H (1:1) gave N b -formyl-N b -methyltryptamine (29) , which by reaction with tert-butylhypochlorite and freshly prepared prenyl-9-BBN led to 1,1dimethylallyl indole (28). Monobromination of 28 proceeded by treatment with 1 equiv of N-bromosuccinimide in HOAc/HCO 2 H (3:1), affording flustrabromine (4) together with its 4brominated analogue (15%). Alkaline hydrolysis of flustrabromine (4) afforded deformylflustrabromine (3).
Diverse
routes for the synthesis of debromoflustramine B (8) have been and continue to be developed. A pioneer biomimetic approach [31] involves C-3 alkylation at N b -trifluoroacetyltryptamine (30) by prenyl bromide, in acetate buffer, with concomitant cyclization of the resulting indolenium ion to give a mixture of 3a-prenylated pyrroloinolines 31 and 32 and unreacted 30 in 28% yield (Scheme 5). Sodium borohydride reduction of 32 followed by N b -methylation with formaldehyde and sodium cyanoborohydride gave debromoflustramine B (8) in 3% overall yield. In the absence of Lewis acid catalysts [32] this type of approach often suffers from several fundamental problems. First, is the difficulty to control both the regioselectivity and the further alkylation of products, which could result in undesired diprenylated compounds, such as the 1,2-dialkylated N b -acylated tryptamine 33. Secondly, there is a regiochemical issue with the alkylating agent, as varying amounts of the inverted prenyl isomer, arising from S N 2' attack, would also be produced. In a variation of this approach [33] , the methylamide of 3-indolylacetic acid (34) Enantioselective synthesis of debromoflustramine B (8) has focused on an inverted sequence in which the quaternary carbon center C-3a and alkyl side chain are introduced after formation of the tricyclic pyrroloindole skeleton [19, 20] , itself arising by intramolecular cyclization of tryptophan esters [37]. The more specific problem associated with this approach is that the 2,3a-diastereoselectivity of the cyclized tryptophan esters favored the undesired endo-isomer.
Crich and co-workers [19] have utilized N-(methoxycarbonyl)-L-tryptophan methyl ester (40) as a precursor of (+)-ent-debromoflustramine B (8) . Tautomerization of 40 with phosphoric acid gave a mixture of equilibrated pyrroloindolines, exo-41 and endo-42, in a 1:9 ratio [37b]. Sulfonylation of this mixture gave endo-43 as a diastereomerically and enantiomerically pure substance in 80-85% yield. Radical bromination of endo-43 at C-3a, followed by allylation with allyltributyltin, gave 44. The allyl group was then converted to the C-3a prenyl derivative 45 by oxidative cleavage and Wittig reaction. Removal of the carbomethoxy group at C-2 and selective deprotection and alkylation of the two secondary amines enabled isolation of (+)-ent-8 in five steps from 45 (Scheme 8). The enantioselective synthesis of (-)-and (+)-entdebromoflustramine B (8) reported by Lobo et al [20] involves the preparation of diastereomerically and enantiomerically pure Barton esters 54 and 55, which were obtained in seven steps from N-acetyl-Ltryptophan methyl ester (46) (Scheme 9).
The L-tryptophan derivative 46 was cyclized to the corresponding dihydropyrroloindole 47 using the procedure of Witkop [37a] . C-3a-allylation of 47 with prenyl bromide provided a diastereoisomeric mixture of prenylated compounds exo-48 and endo- 49 (0.9:1 ratio). The mixture was reduced and the resulting pyrroloindolines 50 and 51 (0.7:1 ratio) were N-prenylated to give 52 and 53 (1:2 ratio). These intermediates were then converted to Barton esters [38] 54 and 55, in three steps, in 62% overall yield, and successfully separated by chromatography. Exposure of an ethereal solution of 54 to Sb(SPh) 3 and air gave the hydroxyamide 56. All attempts to remove the N-acetyl protecting group were unsuccessful. In a further result, hydroxyamide 56 was converted to imine 57 and treated with LAH followed by MeI to give (-)-debromoflustramine B (8) (Scheme 9). Similarly, Barton ester 55 furnished (+)-ent- (8) .
Alternative routes to racemic debromoflustramine B (8) have been based on the reductive intramolecular cyclization of oxindoles [21, [39] [40] [41] . The synthesis of Somei and co-workers [39] using this route was effected from 3-allyl-3-(2-nitrovinyl)-2-oxindole 59, which was obtained by reaction of nitrovinylindole 58 with 2-methyl-2-buten-2-ol via a Claisen type rearrangement (Scheme 10). Selective reduction of the nitrovinyl group to amine 60, followed by a sequence that involves N b -carbomethoxylation to give 61, reductive cyclization, and N8-prenylation afforded 8.
In our own strategy for the synthesis of (±)-8 [40] , we believed that a suitable substrate to effect the reductive intramolecular cyclization reaction would be an oxindole carrying either an acetonitril or acetate group at C-3. Thus, treatment of 2-oxo-3acetonitrilindole (62) with prenyl bromide under mild phase-transfer conditions afforded diprenylated Alternatively (Scheme 12), when methyl 2-(2-oxo-3indolyl)acetate (65) was used as starting material [21] debromoflustramine B (8) was obtained, following two routes. Treatment of oxindole 65 with prenyl bromide (2.1 equiv) afforded diprenylated oxoindole 66. Subsequent hydrolysis of the ester group leads to 2-oxo-3-indolyl acetic acid (67), which in turn was converted, by sequences of two or three steps, into 8. Further studies in our laboratory (Scheme 13), using a similar approach to that described above [21] , and concomitant diminished yields. However, due to marked reactivity of the pyrrole moiety, the regioselective bromination at the benzene portion is difficult. Therefore, to overcome these limitations, two other strategies are often employed: a) starting from a suitable functionalized benzene derivative already carrying the bromine atom, and b) by bromination of the aromatic ring of indolines.
Concerning the approaches to the syntheses of brominated indole alkaloids: flustramines A (9), B (10), E (12) and C (13), and flustramides A (19) and B (20) , they were mainly started from a 6-brominated indole.
A pioneer synthesis of brominated flustramine B (10) was accomplished by Hino and co-workers [43] following a biomimetic approach (Scheme 15).
The precursor, 6-bromotryptamine derivative 80, was prepared from 5-nitropyrroloindoline 79, a cyclic tautomer of the corresponding tryptamine [37], by successive catalytic reduction, bromination, deamination, and ring opening (Scheme 15). Diprenylation of 80 with an excess of prenyl bromide gave 3a,8-diprenylpyrroloindoline 81. Hydrolysis of 81 and further reaction with MeI led to flustramine B (10), along with recovered 82. Reduction of 81 with LAH provided debromoflustramine B (8) .
Enantioselective synthesis of (-)-flustramine B (10) has been reported by MacMillan's group [22] . As the key reaction, a Michael addition/cyclization was employed to construct the pyrroloindoline core. The synthesis began with the 6-bromotryptamine derivative 83 (Scheme 16), which was converted to pyrroloindoline 84 by reaction with acrolein in the presence of the quiral inductor imidazolidinone catalyst, followed by reduction of the resulting formyl group with NaBH 4 (90% ee). Mesyl group formation-displacement, followed by peroxidemediated selenoxide elimination gave terminal olefine 85.
Exposure of 85 to 2-methyl-2-butene in the presence of Grubbs second-generation metathesis catalyst [44] afforded 3a-prenylated pyrroloindoline 86. Hydride reduction of 86 with LAH resulted in both carbamate reduction and dehalogenation, thereby providing (-)-debromoflustramine B (8) . Selective removal of the BOC-protecting group from 86, followed by reductive N-methylation, afforded (-)-flustramine B (10).
Among the present known 24 alkaloids isolated from F. foliacea, three are N-oxides (16) (17) (18) , one is a quinoline (7) , and one, flustrarine B (24), encompasses the hexahydro-1,2-oxazino [5,6-b] indole skeleton. The last could be derived from the corresponding N-oxide 17 by ring expansion. In contrast to tryptophan-derived prenylated alkaloids, the biosynthesis of those inversely prenylated has been scarcely investigated. Several synthetic approaches toward the C-3a reverse prenylsubstituted pyrroloindolines have been reported in the past 2 decades, through direct substitution of 3a-phenylselenyl-pyrroloindolines [28], 1,2rearrangement of the inverse prenyl group [30] , alkylation of 2-oxindoles [46, 47] , Grignard reagent addition of 3-alkylidenindolin-2-ols [48] [49] [50] , and Claisen and thio-Claisen rearrangements [23, 51, 52] .
In a possible biomimetic chemistry to flustramine C (13), Lindel et al. [30] Flexible approaches to synthesis of flustramines A (9), B (10), C (13) and E (12), dihydroflustramine C (14) , and flustramides A (19) and B (20) have been reported [47] [48] [49] [50] . Fuchs and Funk [47] have reported an application of the reversed prenylated indolone 90 for the syntheses of flustramines A (9) and C (13) (Schemes 19 and 20) . The key N b -nosylated 3-bromoindolin-2-one 89, obtained by reaction of N b -nosylated 6-bromotryptamine 88 with NBS, was transformed to flustramine A (9) in a four-step sequence (Scheme 19) involving reverse prenylation with cesium carbonate in the presence of tributyl(3methyl-2-butenyl)tin to give indolone 90, N aprenylation and removal of the nosylamine functionality under Fukuyama conditions [53] to give amine 91, and finally, reduction with alane. Early studies in our laboratory, involving methyl Grignard addition to a 3-alkylideneindolin-2-ol, provided access to terrestrial physostigmine [54].
This strategy, using prenyl Grignard reagent [48] , was further successfully applied to provide a general synthesis of inversely and directly 3a-prenylated flustramines A (9) and B (10), and flustramides A (19) and B (20) [49] (Scheme 21) . Accordingly, addition of 4 equiv of prenyl organomagnesium reagent to 3-alkylideneindolin-2-ol 93 gave direct access to a mixture of oxofuroindolines 94 and 95 (ca. 1:1 ratio) in a combined yield of 76%. These key intermediates were separated by chromatography and then converted to N8-prenylated oxofuroindolines 96 and 97 in three steps involving decyanation, N-decarbomethoxylation and N8-prenylation in 60% and 38% overall yield, respectively. Flustramides A (19) and B (20) were obtained by reaction of 96 and 97 with MeNH 2 which were further reduced to the corresponding flustramines A (9) and B (10) with alane complex, in excellent yields (Scheme 21).
The versatility of the above approach was further exemplified [50] by the conversion of intermediates 94 and 95 to dihydroflustramine C (14) and flustramine E (12), respectively (Scheme 22). Removal of the cyano and the N-ester protecting group in 94 and 95 gave lactones 98 and 99, which after work-up were immediately transformed to the corresponding lactams 100 and 101 by treatment with MeNH 2 in 85% and 80% yield, respectively, for the three steps. Reduction of 100 and 101 with alane complex completed the syntheses. Racemic [51] and enantioselective [23] synthetic routes to flustramines and flustramides involving tandem olefination, isomerization and Claisen rearrangement have been reported. The first synthesis of inversely 3a-prenylated pyrroloindolines was achieved utilizing thio-Claisen rearrangement of a sulfonium cation by the group of Takase [52] (Scheme 23). One pot conversion of thione 102 to a mixture of indolenines 103 and 104 (8:1 ratio) was achieved by reaction of 102 with methyl iodide and potassium carbonate, followed by prenyl bromide addition. The mixture was hydrolyzed and crystallization of the crude products led to the isolation of carboxylic acid 105 in 30% yield from 102. For conversion of 105 to debromodihydro flustramine C (107), a sequence of N-methylamidation, cyclization and reduction of the imine and lactam functions of 106 was carried out. In an earlier approach Sakamoto and co-workers [51] developed a [3, 3] -sigmatropic rearrangement cascade to introduce the angular group of flustramine C (13) . Wittig olefination of 2-(3,3-dimethylallyloxy)indolin-3-one 111 with diethyl cyanomethylphosphonate (Scheme 24), followed by a [3, 3] -rearrangement furnished the inverted prenylated oxindole 112. Reduction of the nitrile with Red-Al afforded pyrroloindolenine 113, which by methylation of the imine nitrogen gave flustramine C (13) (38%), together with its isomer N8-methylated (29%). The precursor, ether 111, was prepared from indole 108 by N-acetylation, followed by molybdenum peroxide oxidation, demethoxylation of the oxidation product 109 with tin(iv) chloride, and C-2 bromination of indolin-3-one 110, followed by bromine substitution with prenyl alcohol, in 38% overall yield.
Enantioselective syntheses of flustramines A (9) and B (10), and flustramides A (19) and B (20) have been successfully achieved by the group of Kawasaki [23] (Schemes 25 and 26). In conclusion, concise biomimetic, as well as racemic and enantioselective syntheses of Flustra foiacea alkaloids have been reviewed. The profusion of new synthetic strategies related to the simplest pyrroloindoline, debromoflustramine B, contrast with the rather fewer ones devoted to the numerous other brominated members of this class, requiring a greater synthetic challenge. The diverse biological activities of these marine natural products, coupled with its source scarcity have provided a strong impetus for continued isolation, pharmacological screening, structural elucidation, and synthetic studies.
